ABSTRACT. The nature of "water" incorporated in natural zircon has been studied by polarized infrared absorption spectroscopy combined with heating and deuteration experiments and Raman, thermogravimetric, chemical, and X-ray analyses, and previously published results have been re-evaluated. Hydroxyl groups are probably the only hydrous species primarily incorporated in zircon during crystal growth, with a saturation level in the 10 2 ppm range or even below. We present three crystallographic models for probable locations of such "simple" (OH)
The occurrence of hydrogen defects in nominally anhydrous minerals, such as pyroxene, olivine, and garnet, is a well studied phenomenon (Rossman, 1990; Beran, 1999) . It is also well known that zircons (ZrSiO 4 ), in particular those with major radiation-induced structural damage, may contain a hydrous component. However, the nature (hydroxyl groups or water molecules) and possible extent of hydrogen incorporation in crystalline and metamict zircons are still under debate. It is also controversial whether water plays an essential or only accompanying role in the metamictization process.
Metamictization of zircon, that is the radiation-induced crystalline-to-amorphous transition, is the joint result of two counteracting, long-term processes: radiation damage accumulation and radiation damage annealing (Meldrum and others, 1998 , and their daughter elements in the respective decay chains. The alpha particles themselves are, however, little destructive. They cause about 200 atomic displacements per decay event (Weber, Ewing, and Wang, 1994) which are scattered over a comparably large volume located near the end of the 100,000 to 300,000 Å long alpha path. The majority of radiation damage is caused by heavy daughter nuclei (Wasiliewski and others, 1973) . Recoiled when emitting a 4 He core, these nuclei produce damage clusters only several hundred Å in size, by collision cascades in which more than 1000 lattice atoms are displaced (Weber, Ewing, and Wang, 1994; Nasdala, Pidgeon, and Wolf, 1996) . Only the double overlap of these tiny recoil damage clusters produces amorphous nano-regions in zircon (Weber, 1990; Weber, Ewing, and Meldrum, 1997) . With progressive damage accumulation, amorphous regions eventually increase in size and number in favor of the crystalline zircon residuals. Thus, zircons with little radiation damage are characterized by a mainly preserved lattice with more or less isolated point defects (that is, Frenkel type defect pairs). Intermediately metamict zircons have a heterogeneous domain structure consisting of both little disordered and amorphous zircon (Sommerauer, 1976; Murakami and others, 1991) whereas fully metamict zircons do not show any remnant long-range order.
One of the most remarkable features of metamict natural zircons is their content of a hydrous component, which may be as high as 16.6 wt percent (Coleman and Erd, 1961) . Aines and Rossman (1986; later also Woodhead, Rossman, and Silver, 1991) found crystalline zircons from Sri Lanka to be anhydrous and proposed that water has entered their structure only after a sufficient degree of radiation damage accumulation was reached, to stabilize the metamict state by compensating for local charge imbalance. Woodhead, Rossman, and Thomas (1991) proved the presence of (OH) -groups in natural zircons of all structural states. Correspondingly, Ilchenko (1994) demonstrated in an infrared (IR) absorption study on crystalline kimberlite zircons that the occurrence of hydrous species is definitely not restricted to metamict samples.
The nature of water in zircon is a well debated topic. Different opinions exist whether only (OH) -or both (OH) -and H 2 O are present in zircon, and there are uncertainties about the positions of hydroxyl groups in the structure. Frondel (1953) suggested that "water" is incorporated in zircon due to the substitution (OH) 4 7 SiO 4 , thus compensating for silicon defects. This concept was questioned soon, first by Mumpton and Roy (1961) who found that chemical analyses of natural zircons plot in the SiO 2 -ZrO 2 -H 2 O triangle near the ZrSiO 4 -H 2 O line. They took this as evidence for preferentially occurring molecular H 2 O and argued that if water was incorporated as (OH) -groups, analytical data should plot rather close to the ZrSiO 4 -Zr(OH) 4 line (compare. also Sommerauer, 1976) . Caruba and Iacconi (1983) stated that the above hydroxyl substitution is likely to be connected with hydrogen incorporation by cation replacement at the Zr site [for example, Zr 4ϩ 7 M nϩ ϩ (4-n)H ϩ ]. Association of these hydrogen atoms with hydroxyl groups might form molecular water (Caruba and Iacconi, 1983) , altogether resulting in the coupled substitution Zr 4ϩ ϩ (SiO 4 ) 4-7 M nϩ ϩ n(OH) -ϩ (4-n)H 2 O. Thermal analyses by Caruba and others (1985) on synthetic hydrozircons and their natural analogues suggested that natural zircons contain additional, weakly bonded H 2 O, and led to the proposal of a general formula Zr(SiO 4 ) 1-x (OH,F) 4x ⅐ z(H 2 O) for natural zircons. Lumpkin and Chakoumakos (1988) reported considerable amounts of molecular H 2 O coexisting with hydroxyl groups for metamict thorite. As zircon is isostructural with thorite, it seemed reasonable to suppose that hydrous metamict zircon might show similar characteristics. The simultaneous presence of molecular water and hydroxyl groups had been found previously by Akhmanova and Lipova (1961) and Rudnitskaya and Lipova (1972) . Dawson, Hargreave, and Wilkinson (1976) interpreted polarized, sharp IR absorption bands in the hydroxyl stretching region obtained at 100 K to represent (OH) -groups at several different sites and a broad, nearly unpolarized band at 3300 cm -1 to be due to hydrogen-bonded H 2 O. In contrast to all studies mentioned previously, Woodhead, Rossman, and Silver (1991) and Woodhead, Rossman, and Thomas (1991) concluded from the absence of HϪOϪH bending vibrations in all their IR spectra that hydroxyl groups are the only major hydrous component in zircon. According to Woodhead, Rossman, and Thomas (1991) , only about 0.1 wt percent (metamict) and about 0.01 wt percent of the "water" (crystalline zircon), respectively, are structurally incorporated in zircon, whereas the much higher water contents reported on zircons in the literature might be partially explained by inclusions of hydrous silicate minerals or fluid inclusions.
The above hydroxyl substitution proposed by Frondel (1953) would be the analogue to hydrogrossular-type replacement of SiO 4 tetrahedrons by a disphenoidal cluster of four (OH) -groups. This substitution has been proven for synthetic hydrozircon (Caruba and others, 1985) . However, Woodhead, Rossman, and Thomas (1991) argued that trace hydroxyl incorporation in zircon should not necessarily be expected to correspond with Si-deficient hydrozircon, as analogously the structural position of trace hydroxyl in garnet was found to differ from (OH) -in hydrogrossular (Rossman and Aines, 1991) . The correctness of these doubts was confirmed by the finding that a strong OϪH stretching band at 3515 cm -1 is typical of hydrogrossular-type (OH) -4 clusters in synthetic hydrozircon (Caruba and others, 1985) whereas most OϪH stretching bands obtained from natural zircons lie at clearly lower wavenumbers. The aim of the present paper is to re-evaluate and discuss the incorporation of hydrogen defects in crystalline and metamict zircons. It proposes a model describing potential crystallographic positions of hydrogen atoms in the crystalline zircon structure. The study is based on spectroscopic and thermal analyses on a series of natural zircons. The structural states of investigated zircons cover almost the full range of radiation damage, from little damaged to highly metamict samples.
samples and preparation
We have chosen 12 zircon samples for analysis. These samples came from four different sources. Five zircons (K1, K2, C4, C14, N12) were provided by the mineral collection of the Bergakademie Freiberg. A clear zircon from the Ural Mountains (K3) came from the mineral collection of the University of Vienna. These six samples were well-shaped single crystals with sizes between 8 mm and 2 cm. Fragments (about 3 mm in size) of five Sri Lankan zircons (Z7, Z9, Z18, Z25, Z33) were made available by R. T. Pidgeon, Curtin University, Perth. Furthermore, we had the opportunity to include a cut stone from the collection of the Institute of Gemstone Research, Mainz, in this study (N17). The latter sample was particularly interesting insofar as this green stone showed, although presumably being highly metamict (preliminary density and GeigerMüller counter checks), almost perfectly clear transparency.
Internal homogeneity was a crucial factor for zircon selection because results of macroscopic and microscopic analytical techniques can be compared and correlated only if samples are sufficiently uniform in composition and structure. Furthermore, only samples free of inclusions and visible fractures should be used for such study, particularly to avoid the presence of inclusions of hydrous minerals and adhesive water in fractures. This precondition is met by all samples apart from K1. This metamict zircon is sufficiently homogeneous; however, even thin platelets showed an internal dull appearance in transmitted light which made reliable checks for inclusions and micro-fissures somewhat problematic. All other zircons with a non-transparent or milky appearance of the whole crystal or chip were found to be transparent after preparation of thin platelets. Another point that must be considered here is the strong volume expansion of zircon during metamictization (Murakami and others, 1991) : Zircons with heterogeneous distribution of U and Th (see, for example, Sommerauer, 1976; Sahama, 1981; Suzuki, 1988) may be heterogeneously metamict (Smith and others, 1991; Nasdala, Pidgeon, and Wolf, 1996; Nasdala and others, 1998) . Heterogeneous metamictization, however, causes heterogeneous expansion leading to local stress and often to the formation of micro-fissures and cracks (Chakoumakos and others, 1987; Lee and Tromp, 1995) . As this mechanical damage may greatly favor the secondary intake of external water, such zircons with heterogeneous U and Th were avoided in the present study.
Zircons were, after being thoroughly checked under an optical microscope, subjected to the preparation of thin platelets for single-crystal IR analysis. Crystals were oriented according to their morphology and cut parallel to [001] on a tungsten-wire saw. The accuracy of the orientation is considered to be better than Ϯ 2°, which is precise enough to avoid significant effects on polarized absorption spectra (Libowitzky and Rossman, 1996) . Analogous orientation of the five fragments of Sri Lankan zircons was not possible because of their random shape and the small amount available. Here, platelets were produced according to the fragment's shapes, that is, in a way that the sizes of the final platelets were as large as possible, and any loss of material due to grinding and polishing was kept as low as possible. Three of these five samples were later found to be widely isotropic; however, orientational conclusions are somewhat restricted in the case of samples Z33 and Z18. The metamict gemstone N17 could also not be oriented because of its macroscopic optical isotropy. After cutting, thin platelets with thicknesses in the range 150 to 500 m (depending on the observed strengths of IR absorption bands in the hydroxyl stretching region) were prepared and cleaned with pure acetone. The remaining material of each zircon was powdered in an agate mortar for X-ray and thermal analysis. Platelets and powders were kept at 80°C until being analyzed to avoid long-term adhesion of moisture.
experimental techniques
The incorporation of hydrous species in zircons was studied mainly by IR absorption measurements. Corresponding with the aim of the present study, conventional powder analysis employing the KBr pellet technique could not be used. Firstly, there always remains some doubt that minute amounts of detected water may be moisture pollution of the strongly hygroscopic KBr. Secondly, although IR spectra obtained from KBr pellets can be used to study phenomena in the region of lattice vibrations (Deliens, Delhal, and Tarte, 1971; Biagini, Memmi, and Olmi, 1997) , the lack of orientational information from unpolarized spectra would hinder precise interpretation about hydrous species. Therefore, thin, oriented crystal platelets with parallel faces were used for IR absorption experiments.
Most Fourier transform infrared (FTIR) absorption spectra were acquired on a Perkin Elmer FTIR 1760 X spectrometer, using a CsI microfocus accessory and a gold wire grid polarizer. The system was equipped with ceramic glow-bar light source, KBr beam splitter, and triglycine sulfate (TGS) detector. Although the spectrometer was also equipped with a Perkin Elmer FTIR microscope, measurements presented in this paper were done in the macro sample chamber to avoid the large beam convergence when using Cassegrain objectives. Zircon platelets were placed on thin brass sample holders with a circular hole 0.8 to 1.2 mm in diam. Thus, the size of the analyzed sample volume was, depending on the sample thickness, on the order of 0.1 to 0.5 mm 3 . Five hundred scans were each done for recording background and spectra of unknowns, to reach a reasonably good band intensity / background noise ratio. Preliminary spectra of each crystal platelet were obtained in the range 6000 to 400 cm -1 . However, silicate absorption bands (particularly the group of bands around 1000-900 cm -1 ) were, as expected, found to be extremely intense; even their overtones (group at about 2000-1800 cm -1 ; cf. Dawson, Hargreave, and Wilkinson, 1971) showed total absorption in the case of platelets thicker than about 300 m. Therefore, polarized IR spectra were then obtained mostly in the range 4000 to 2000 cm -1 . The spectral resolution was 4 cm -1 . Additional polarized absorption measurements, also including the near infrared (NIR), were carried out by means of a Bruker IFS 66v/S FTIR spectrometer, equipped with glow-bar light source, KBr beam splitter, and liquid nitrogen-cooled mercury cadmium telluride (MCT) detector. Samples were analyzed in the macro chamber using a Bruker microfocus accessory and KRS-5 polarizer. Spectra were obtained in the range 7500 to 2000 cm -1
. The spectral resolution was 4 cm -1 . One thousand twenty four scans signal/background were accumulated. Phase correction mode of the interferogram was performed according to the procedure of Mertz (1965; also compare Griffiths and de Haseth, 1986) . Norton-Beer-weak mode was chosen as apodization function. Since the sample chamber was evacuated down to 200 Pa prior to analysis, the influence of H 2 O vapor and CO 2 was negligible.
To study the high-temperature behavior of observed IR bands, one platelet each of zircons K1, K2, K3, C4, and C14 were, after being analyzed, successively heat-treated at 330, 530, 830, and 1230°C for 24 hrs, then slowly cooled to room temperature and analyzed again. Furthermore, deuteration experiments were done with the metamict zircons K1 and C4. These platelets were, together with about 0.5 cm 3 D 2 O, put separately in a steel capsule and heated at 330°C for 96 hrs. After being cooled, platelets were carefully cleaned with filter paper and analyzed again. Observation of samples under a binocular microscope indicate that temperature changes during both heating and deuteration experiments obviously caused stress and the formation of fissures. Furthermore, heat-treated samples show decreased color intensities and appear pale yellowish. No signs for the formation of new phases were observed under the microscope.
Raman spectra in the range below 1300 cm -1 , obtained for the estimation of the degree of radiation damage according to the method of Nasdala, Wolf, and Irmer (1995) , were acquired using a Jobin Yvon T64000 triple monochromator equipped with Olympus BX40 microscope and liquid nitrogen-cooled charge-coupled device (CCD) detector. Gratings with 1800 grooves per mm were used. Spectra were excited with the Ar ϩ 5145 Å and the Kr ϩ 6470 Å line, respectively, and were obtained in the subtractive mode. Band-width correction for the apparatus function was done in accordance with Irmer (1985) and Verma, Abbi, and Jain (1995) . For more details about the Raman technique, see Nasdala and others (1998) . Further spectra were obtained by means of a Dilor (now renamed Jobin Yvon) Labram I, a notch filterbased, confocal Raman system equipped with Olympus BX30 microscope and Peltiercooled CCD detector. A grating with 1800 grooves per millimeter was used. Spectra were excited with the He-Ne 6320 Å line (8 mW measured after the objective). Only the 20 ϫ objective was used to avoid high power density in the focal-spot and, with that, potential thermally induced dehydration. Spectra in the range 4000 to 100 cm -1 were obtained to check for the potential presence of hydrous species. Single spectra were accumulated for several hours each. The spectral resolution was about 3 cm -1 . Analysis of the water content was indirectly performed by recording thermogravimetric (TG) curves by means of a Mettler M3 microbalance equipped with a TA 4000 thermal analysis system. The analyzed amounts of powdered zircon were about 100 mg (K1, K2, K3, C4, C14, N12) and about 14 mg (Z7, Z9, Z18, Z25, Z33), respectively. Measurements were done in the temperature range 80 to 750°C. The heating rate was 0.5°/min. The sample chamber was flushed with nitrogen to avoid oxidation by air. The water content of sample C4 was, for comparison, directly analyzed by means of a DuPont MEA 903-H moisture evolution analyzer, working on the basis of water electrolysis using a P 2 O 5 electrolytic cell (two runs, 45 and 40 mg).
General chemical compositions of zircons were measured by means of a Jeol JXA-8900 superprobe. The accelerating voltage was 20 kV, the beam current was 100 nA. Mineral (Zr and Si, zircon; Ca and P, apatite; K, orthoclase; Pb, vanadinite; Al, Y, Y 3 Al 5 O 12 ; Fe, Fe 2 O 3 ), metal (Hf and U), and glass standards (Ce, Nd, Yb, Lu, and Th) were used. Counting times were set between 30 (Ca) and 150 (Al and Pb) seconds.
Unit cell sizes of zircons were determined using a Rich Seifert & Co. XRD 3000TT diffractometer. Cu-K ␣ radiation and a secondary graphite monochromator were used. Samples were scanned in the range 18 to 98°2⌰. (Murakami and others, 1991) . The band half-width (full width at half-maximum, FWHM) of the antisymmetric stretching band of SiO 4 tetrahedrons ( 3 vibrational mode) is the Raman parameter most sensitive to metamictization (Nasdala, Wolf, and Irmer, 1995) , increasing from about 3 cm -1 (well ordered samples) to clearly more than 30 cm -1 (highly metamict samples). Unit cell volume and 3 (SiO 4 ) FWHM are, therefore, given in table 1 to underline the assessed structural state. Data reveal that the structural states of zircons studied in the present work range from little to extremely radiation-damaged.
4.2. Room-temperature IR spectroscopy.-Selected IR absorption spectra in the hydroxyl stretching region (4000-2500 cm -1 ) obtained from zircon platelets are shown in figure 1. They concur widely with previously published spectra of natural zircons (see, for example, figures in Dawson, Hargreave, and Wilkinson, 1971; Aines and Rossman, 1986; Woodhead, Rossman, and Thomas, 1991; Ilchenko, 1994) .
Crystalline zircons ( fig. 1 : zircons Mir to N12) are typically characterized by the presence of narrow, oriented bands, the most important ones lying at 3420 (E // c), 3180, and 3385 cm -1 (both E Ќ c). Furthermore, there is a nearly unpolarized, broad band (half-width about 300 cm -1 ) at about 3300 cm -1 , which has various intensities compared with the narrow bands above. The unpolarized spectrum of a well crystallized kimberlite zircon (spectrum "Mir"), made available by S. S. Matsyuk and K. Ilchenko, Kiev, is also shown in figure 1 for comparison. Here, the narrow bands can be seen most clearly whereas the broad water band at 3300 cm -1 is nearly absent in this case. According to Dawson, Hargreave, and Wilkinson (1971) , the narrow, polarized bands represent diverse hydroxyl impurities whereas the broad, unpolarized band might be due to hydrogen-bonded water (although neither X-ray nor chemical data were provided, the polarization and sharpness of both IR and Raman bands suggest that zircons in that study were well crystallized). Results of low-temperature measurements (at 100 K) by Dawson, Hargreave, and Wilkinson (1971) suggest there exist various (at least 19) different hydroxyl sites in the zircon structure. However, not all of them are always present, and some are probably overlooked at room temperature as their respective bands are often low in intensity. Various low-intensity OH bands in little damaged zircons were also found by Woodhead, Rossman, and Thomas (1991) and Ilchenko (1994) . Such "additional" hydroxyl bands can also be seen in the spectra of zircons N12 (3565 cm -1 ) and K2 (3620 cm -1 ). The group of bands around 2850 to 2700 cm -1 (E // c ) are overtones of 1 and 3 silicate bands (three-phonon absorption; compare Dawson, Hargreave, and Wilkinson, 1971) . Their presence can be used as a rough measure of the crystallinity of zircon (Woodhead, Rossman, and Thomas, 1991 however, distinct OϪH stretching bands are, if observed at all, broader and only partially polarized. Metamict zircons show a broad band in the hydroxyl stretching region which is nearly isotropic. With increasing radiation damage, this band becomes increasingly asymmetric, and the band maximum shifts toward higher wavenumbers (see spectra N17 and C4 in fig. 1 ). Note that bands observed in the OϪH stretching range can be due to either (OH) -groups or molecular H 2 O. Reliable assignment could be supported by (1) the occurrence of combination modes in the NIR and (2) the presence or absence of HϪOϪH bending vibrations (at about 1600 cm -1 ). We found it, however, almost impossible to obtain such additional information from IR spectra of natural zircons. There are quite a few bands in the spectral range 7000 to 4000 cm -1 (see fig. 2 ). These bands are most probably caused by electronic absorption, particularly due to rare earth elements (REE), rather than combination modes involving vibrations of hydrous species. For example, the distinct band at 4900 cm -1 (compare spectra K2 and Z18 in figure 2) could be interpreted hypothetically as a combination of HϪOϪH bending (1600 cm -1 ) and OϪH stretching vibrations (3300 cm -1 ). However, its intensity gain on heating and the observation that this band is sometimes higher in intensity than the apparently corresponding fundamental OϪH mode (see spectrum K2 in fig. 2 ) contradict the assignment as combination mode. Another example is the broad band obtained at about 5000 to 4600 cm -1 (compare spectra Z18 and C4 in fig. 2 ). This band is also clearly not a combination mode because its intensity is in some cases far too high Fig. 1 . Polarized IR spectra (E oriented // c) of zircons in the hydroxyl stretching region, showing wide diversity. An unpolarized spectrum obtained from a 1040 m thick crystal platelet of a very well ordered zircon from the kimberlite pipe "Mir", Yakutia (Ilchenko, 1994) , is additionally shown for comparison. Spectra are arranged in the order of increasing metamictization, that is, from little disordered (lower left) to highly damaged zircons (upper right spectrum). Note that analyzed crystal platelets had different thicknesses (150m-about 1 mm), therefore, absorbances can not be directly compared.
compared with the respective OϪH stretching band. As a general observation, the NIR range of natural zircons shows a variety of intense electronic absorption bands which obscure the potentially occurring, weak combination modes of vibrations involving hydroxyl groups and/or molecular water.
Similar problems exist with the interpretation of the range 1700 to 1500 cm -1 . Here, potentially occurring HϪOϪH bending bands are obscured by silicate bands and their combination modes: it can be seen in the IR spectrum of the crystalline zircon C14 ( fig. 3 ) that in between the silicate 1 and 3 bands (around 1000 cm -1 , showing total absorption) and corresponding overtones (two-phonon modes at 2000-1800 cm -1 ) there are combination modes at about 1600 and 1545 cm -1 . These bands are in that spectrum much higher in intensity than the OϪH stretching bands (which in turn must be much more intense than their corresponding HϪOϪH bending bands). In the case of metamict zircons (spectrum C4 in fig. 3 ), silicate bands, second overtones, and combination modes in between are significantly broadened. The decreasing transmittance at about 1700 cm -1 can, therefore, be used as a rough measure of metamictization (Wasiliewski and others, 1973) . However, due to the high absorbance in this range it is extremely difficult to conclude about the potential presence or absence of the weak HϪOϪH vibrations. Therefore, we do not agree with the conclusion of Woodhead, Rossman, and Silver (1991) and Woodhead, Rossman, and Thomas (1991) : the fact that no distinct water bending modes are observed in the IR spectra does not necessarily mean that these bands are not existent. Instead, it seems that if there are HϪOϪH bending vibrations, these IR bands are fully obscured by the much stronger silicate combination modes in both crystalline and metamict zircon.
4.3. Raman spectroscopy.-Although the strong molecular absorption of OH/H 2 O makes IR much more sensitive for detecting minute amounts of hydrous species, compared with Raman scattering, the above problems made the use of IR outside the hydroxyl stretching region widely impracticable. We have, therefore, also tried to employ Raman spectroscopy for the detection of hydrous species. This appeared worthwhile as silicate bands in the Raman spectrum are much sharper than their IR counterparts and do not interfere with the HϪOϪH bending region. On the other hand, there are other spectroscopic problems that very often prevent the Raman detection of broad, low intensity bands of hydrous species. The most difficult problem is the wide occurrence of luminescence phenomena in the visible range. Probably this cannot even be solved by FT-Raman measurements with NIR excitation, because of the -4 dependency of the Raman scattering intensity and the potential occurrence of electronic absorption bands in the NIR, which has already been discussed above. The assignment of certain peaks to Raman or fluorescence bands can be checked by multiple measurements with different excitation wavelengths (fluorescence, constant wavelength; Raman, constant shift); however, fluorescence bands are usually much more intense than the potential water vibrations, so even the simple detection of the latter is challenging.
The notch filter-based system employed for these Raman measurements has the advantage of a much higher optical throughput, compared with triple monochromators, thus allowing one to analyze poorly scattering materials and detect weak bands in comparably short times. Nevertheless, bands of hydrous species were, if recorded at all in the presence of fluorescence bands, comparably weak even after several hours of signal accumulation. As a general conclusion of our study, Raman cannot be used as a routine method for detecting water in zircon because of widely occurring fluorescence phenomena.
The only attempt so far to study hydrous species in zircon by Raman spectroscopy was made by Kosztolanyi, Eloy, and Bertrand (1986) who assigned bands at 2900 and 3200 cm -1 , obtained from a relatively well crystallized zircon, to OϪH stretching vibrations. Although extensive experimental tests were made, we found only very few zircons (or, more exactly, few micro-areas in zircons) which virtually did not show fluorescence, probably due to local low REE concentration. Here, a broad band at about 3300 cm -1 was observed ( fig. 3 ), which could be interpreted as OϪH stretch. An extremely weak, broad band at Ͻ 1600 cm -1 might perhaps represent the corresponding HϪOϪH bending mode, thus indicating molecular H 2 O and, with that, confirming previous opinions about the simultaneous presence of hydroxyl groups and molecular water in metamict zircon. However, this assignment is not convincing enough due to the low band intensities, and further Raman experiments will have to be done to enhance its reliability. Provided that the assignment to molecular water will be confirmed, lower wavenumbers of these Raman bands, compared with those of free, molecular water ( fig. 3 ), reflect hydrogen bonding of H 2 O in the metamict zircon structure.
4.4. Heating and deuteration experiments.-Heating experiments were done to study the behaviors of IR bands depending on metamictization of zircon. Some of the narrow, polarized OH bands in the crystalline zircon C14 ( fig. 4, left; see also fig. 6 in Woodhead, Rossman, and Thomas, 1991) have disappeared between the 330°C and 530°C heating steps, whereas the main broad band at ca. 3300 cm -1 (nearly unpolarized) was still present at this temperature. The intensity of the latter was significantly decreased at 830°C, and at 1230°C this band has completely disappeared. Instead, there are two new, polarized bands at about 3200 and 3100 cm -1 (E Ќ c). These two bands were observed from crystalline zircons by Woodhead, Rossman, and Thomas (1991) who demonstrated that bands do not represent OH stretching, because of their appearance or intensity increase on heating. Woodhead, Rossman, and Thomas (1991) concluded that these bands might rather be the result of lattice combination modes only occurring in perfectly crystalline zircon. It should, however, be questioned why these assumed combination modes E Ќ c show another behavior than the three-phonon overtones which are observed E // c at about 2750 cm -1 . Other possible explanations for these bands under debate are luminescence phenomena, electronic absorption, partial decomposition of zirconium silicate into oxides instead of complete recrystallization on heating, or even minor rehydration in the furnace during cooling.
The intermediately damaged zircon K2 showed similar behavior ( fig. 4, middle) . Its band at 3280 cm -1 has disappeared at 1230°C whereas the band at 3415 cm -1 is still present. Although hydroxyl groups may be stable at such temperature, there is some doubt whether this band really represents hydroxyl stretching. This doubt is supported by the consideration that since an accompanying band at 4900 cm -1 , which is also present at 1230°C ( fig. 2) , can not be due to vibrations of hydrous species, the band at 3415 cm -1 may also have a cause other than OϪH stretching. The intensity of the silicate overtones at about 2750 cm -1 seems to have slightly enhanced intensity at 1230°C, which might be explained by (partial) recrystallization.
No such problems exist in the case of the metamict zircon C4 (fig. 4, right) . The intensity of the broad OϪH stretching band decreased gradually and had almost fully disappeared after heating up to 830°C. Due to recrystallization of zircon, which may occur above 900 to 1000°C (see, for example, Mursic and others, 1992) , the silicate overtones at 2750 cm -1 can be seen at 1230°C. The observation that these overtones, which occur only with E // c in crystalline zircons, do not show significant orientational dependency here suggests that zircon C4 contains now, after at least partial recrystallization, numerous microcrystals with different orientations. The fact that the 2750 cm -1 silicate overtones but not the bands at about 3200 and 3100 cm -1 are observed in zircons K2 and C4 at 1230°C brings up the questions again whether the latter are combination modes of silicate vibrations in well crystalline zircon.
Two zircons (C4 and K1) were subjected to deuteration experiments. The aim of these experiments was a preliminary check whether zircons with similar water content may show different behavior, depending on their internal structure. Zircon C4 appeared mainly unchanged after 96 hrs in D 2 O at 330°C. In contrast, zircon K1 showed significant changes in the IR spectrum ( fig. 5) . Most of the broad band at 3390 cm -1 disappeared after the treatment and, instead, a band at 2520 cm -1 was observed. We conclude that a major portion of the hydrogen initially present in K1 has been replaced by deuterium, causing significant decrease of the respective OϪ(H,D) stretching wavenumbers. The observed shift ratio (OH) / (OD) of 1.35 is in perfect agreement with values expected for bands in this wavenumber region (Mikenda, 1986; Novak, 1974) . The reason for no significant reaction of C4 and major reaction of K1 to the analogous treatment may be the strength of water bonding. Note that K1 was the only zircon studied that showed a dull internal appearance. We suspect that a part of the water content of this zircons occurs in numerous micro-fissures which could not be Fig. 4 . Polarized IR spectra of zircons (C14, well crystallized; K2 intermediately metamict; C4, highly metamict) obtained at room temperature and after high temperature treatment for 24 hrs each. Room temperature spectra are labeled "80°C" because samples have been kept at this temperature until being analyzed, to avoid long-term water adhesion. Solid lines, E // c; dotted lines, E Ќ c. Note the group of bands at about 2750 cm Ϫ1 which are three-phonon overtones of silicate vibrations (Dawson and others, 1971) .
recognized under the microscope. These fissures, causing the non-transparency even of thin platelets, are probably not only hosts of weakly bonded water but also ideal diffusion pathways, significantly enhancing the H-D exchange rate. However, more important is the finding that the highly metamict but clear zircon C4 showed no major reaction. A simple explanation of its water content by the assumption of adhesive moisture appears to be improbable.
determination of water contents
5.1. Thermal and water analysis.-Water contents of zircons were determined from the weight loss on heating. The acquired TG curves ( fig. 6 ) show a first rapid and later (above about 450°C) gradually decreasing weight loss. TG curves are widely similar to those published by Caruba and others (1985) . There is no indication for distinct thermal reactions at certain temperatures. The finding of more or less continuous water escape suggests that there are probably quite a number of different sites occupied by hydrous species, each with different bond strengths leading to different escape temperatures. There is no indication that water comes mainly from inclusions of hydrous silicate minerals (one would then expect TG curves reminiscent to these minerals) or fluid inclusions (no certain decrepetation temperature), as was suspected for zircons with high water contents by Woodhead, Rossman, and Thomas (1991) .
Thermal analyses in the present study were done up to 750°C, which is the upper operation limit of the thermal analysis system used. Since zircon powders were kept at Fig. 5 . IR spectra of two metamict zircons subjected to deuteration experiments (330°C, 96 hrs). Solid lines, orginal spectra; dotted lines, zircons after the treatment. Fig. 6 . Determination of the water content in zircons. A, thermogravimetric curves of zircons C4 (metamict, weight loss 0.48 percent) and C14 (well crystallized; 0.11 percent). B, water determination by means of a moisture evolution alalyzer gave 0.46 wt percent H 2 O for C4, thus confirming that weight loss determined on heating reflects the actual water content. groups and molecular water in natural zircon (ZrSiO 4 ) 80°C until being analyzed to avoid adhesion of moisture, weight losses given in table 1 were calculated between 80 and 750°C. There is, however, some uncertainty that water has incompletely escaped at 750°C: Firstly, some of the TG curves of Caruba and others (1985) still show a weak but noticeable weight loss between 750°and 900°C. Secondly, IR analyses on heat-treated zircons (Woodhead, Rossman, and Thomas, 1991; this work) suggest also that there are minute amounts of residual hydrous species only lost at temperatures above 750°C. Consequently, calculated weight losses (table 1) are minimum values, and the complete weight losses may be somewhat higher.
Although no main components other than water are expected in zircon to escape on heating up to 750°C, it seemed appropriate to check whether the observed weight losses corresponded to actual water contents. Two moisture evolution analysis runs (120 and 60 min, respectively) on zircon C4 gave 0.48 and 0.46 wt percent H 2 O, which corresponds very nicely with the observed weight loss on heating to 750°C (cf. fig. 6 ). The weight lost on heating can, therefore, be used as a measure of the water content. However, one should consider again the uncertainties that (1) at 750°C strongly bonded hydrous species may not have escaped yet, and (2) weight loss represents the overall water, that is, both structurally bonded hydrous components and adsorbed moisture.
Measured water contents are in the range 0.11 to 0.54 wt percent (compare table 1). There is a noticeable tendency that zircons incorporate more water with increasing metamictization, however, water content and structural parameters show only weak correlation ( fig. 7) . Water contents close to or even higher than 10 wt percent as have been reported previously in the literature, were not found in the present study. This is perhaps due to the sample selection: we tried to select only homogeneous zircons widely free of inclusions and cracks, whereas extremely high water contents were reported for brownish-black, non-transparent "cyrtolithes" (Coleman and Erd, 1961 ). It will be worthwhile to check metamict zircons further as thorough investigation of such water-rich samples may provide further understanding of the process of water incorporation.
5.2. Calculation of water contents from IR spectra.-According to the Beer-Lambert law, A i ϭ c ⅐ t ⅐ ε i (A i , integrated absorbance, that is the IR band area; c, concentration; t, sample thickness; ε i , integrated molar absorption coefficient), the water content of unknowns can be obtained from IR band intensities, if ε i is known. The molar absorption coefficient may be obtained from an accurate calibration of IR intensities by an independent quantitative analytical method, or it can be obtained from a general calibration. The general water calibration of Libowitzky and Rossman (1997) , which is in good agreement with the calibration trend determined by Paterson (1962) , was used in the present paper. Both references relate the ε i value with the mean band wavenumber in the way that bands at lower wavenumbers show higher molar absorption coefficients. This behavior is directly related to increasing hydrogen bonding.
It is important to note that anisotropic samples like well-crystalline zircon crystals require polarized absorption measurements to obtain the true absorption values for all three orthogonal directions. Isotropic samples like metamict zircons need only one unpolarized measurement. However, in any case, the absorbance values of all three orthogonal directions have to be summed up to give the correct value for the total absorbance related to the absorber concentration (Libowitzky and Rossman, 1996) . Hence, in the isotropic case the total absorbance is three times the absorbance from a single spectrum, whereas in the case of a well crystalline, tetragonal zircon crystal it is the polarized absorbance A i // c plus two times A i // a.
The integrated band intensities were determined after subtraction of a linear background function between about 3700 and 2500 cm -1 . In cases when silicate overtones were observed at about 2750 cm -1 (E // c), the background line was drawn between about 3700 and 3000 cm -1 . The remaining peak area, attributed to OH or H 2 O stretching fundamentals, was summed up in all three orthogonal directions (see above) and processed by the formula (Libowitzky and Rossman, 1997) :
where D is the density of zircon. The ε i values were obtained for each individual spectrum by the correlation line ε i (cm -2 per mol H 2 O/l) ϭ 246.6 ⅐ [3753 -(cm -1 )], where is the area-weighted average wavenumber of the individual absorption band (Libowitzky and Rossman, 1997) .
5.3. Comparative discussion of water contents.-The resulting water concentrations of all 12 zircon samples are given in table 1. It is evident that water concentrations calculated from IR band integrals are significantly lower than the water contents measured by TG ( fig. 8) . Another striking contradiction between thermal and IR analytical results has already been reported above: IR spectra of heat-treated, crystalline to intermediately metamict zircons showed that integrals of OϪH stretching bands are hardly decreased at 530°C ( fig. 4 ; see also Woodhead, Rossman, and Thomas, 1991) , whereas TG curves suggest that the majority of water has already been lost at this temperature ( fig. 6 ; see also Caruba and others, 1985) . The reasons for apparent contradictions between thermogravimetric and IR results, particularly the peculiar mismatches between the two water concentrations determined, shall be discussed in the following.
One of the most evident reasons for the mismatch may be suspected from the thermogravimetric measurements themselves. The water concentration was deter- mined directly from the loss of weight without any correction for possible oxidation / reduction effects that might, for example, be expected from the high concentration of REEs. However, we have demonstrated above that independent water determination for sample C4 from weight loss on heating and with a moisture evolution analyzer gave almost identical results, thus confirming that weight losses represent real water contents. The relatively high concentration of REEs (table 2) gives also rise to luminescence phenomena. The investigated samples may not only show these effects from the ultraviolet to the visible region, there might be a chance for fluorescence in the IR region, too. In this case, the transmittance values were always too high and the derived absorbances too low. However, a repeated spectrum acquisition on sample N17 with a 2 mm silicon filter in front of the sample (which removes all incident wavenumbers with energies Ͼ 8000 cm -1 ) yielded unchanged spectra. Nevertheless, a stimulation of fluorescence in the region below 8000 cm -1 region cannot be denied, the more as this region shows some peculiar absorption features that may be caused by electronic absorption of REEs ( fig. 2) . Another likely reason may be that the ε i values do not conform to the calibration trend of Libowitzky and Rossman (1997) both from their absolute values and from the slope. Similar examples where IR bands yielded too low water concentrations were observed in garnet (Bell, Ihinger, and Rossman, 1995) and rutile (Maldener and others, 2001) , and an example with a different slope was found in amphiboles where the band wavenumbers depend on cationic effects rather than on hydrogen bond lengths (Skogby and Rossman, 1991) .
However, a brief glance at table 1 and figure 8 shows that the ratio between the water concentrations varies from 4:1 (zircon K1) to about 400:1 (zircon Z9), a fact that can neither be explained by a different slope in the calibration curve nor by a different absolute magnitude of the ε i value. This extremely wide variation gives strong evidence that even a calibration based upon zircon itself will not result in a proper ε i value applicable to all samples.
There are several effects that may hide even some wt percent of water in IR spectroscopy (especially if unpolarized radiation is used). One of the most prominent is strong and very strong hydrogen bonding. Even if the ε i values increase with increasing H bond strength, the wavenumbers of the stretching fundamentals decrease, and the FWHM values increase simultaneously. Thus, a stretching fundamental of a (very) strong hydrogen bond may be completely hidden in the region between 3000 and 1000 cm -1 , indiscernible from a wavy background line. Examples of this effect are known from eglestonite (Mereiter, Zemann, and Hewat, 1992) , mozartite (Nyfeler and others, 1997) , pectolite and serandite (Hammer, Libowitzky, and Rossman, 1998) , natrochalcite-type minerals (Beran, Giester, and Libowitzky, 1997) , and pseudosinhalite (Daniels and others, 1997) . In addition, the effect of invisible bands due to strong hydrogen bonding may be enhanced by isotope effects. If, for reasons of strong radiation damage, hydrogen is converted to deuterium and tritium, the bands are further shifted toward lower wavenumbers. However, the isotopic composition of the zircon samples was not determined.
Hydrogen may be hidden also by clustering. If hydrogen atoms are not evenly distributed across the sample but clustered in a rather concentrated form in spots of the crystal structure (whereas other parts of the structure are H-free), IR radiation is strongly absorbed by the H clusters but passes the rest of the structure without any absorption loss. Hence, even single-crystal samples behave like powder pellets that cannot be used for quantitative purposes (Libowitzky and Rossman, 1996) . However, our preliminary microanalyses including micro-FTIR measurements, which were done to check the homogeneity of the selected zircons, did not reveal noticeable heterogeneity of the apparent "water" content within samples on a scale of about 30 m (the size of the smallest effective limiting aperture used). Consequently, only hydrogen clustering in the micron-range and below has to be taken into consideration here.
Finally, hydrogen may occur in some invisible species, or, correctly spoken, in a species that is not expected in the sample and thus not evaluated from the spectra. Among the possible species are H 2 and NH 4 . H 2 is absolutely invisible by IR spectroscopy if the molecule is (almost) not bonded in the structure but it is usually only a candidate for extremely reducing environments, nevertheless, formation by radioactive damage can be suspected. NH 4 requires the presence of nitrogen in the zircon structure, an element that has not been checked in the present study. However, if NH 4 was present clear absorption bands should have been obtained at about 3200 and 1400 cm -1 .
6. hydrogen in zircon 6.1. General discussion: hydrogen in crystalline zircon.-The data set obtained by means of several analytical methods in the present study and its comparison with literature data revealed several serious problems that prevent detailed interpretation on hydrogen in zircon at the present stage. There are indications for the coexistence of (OH) -ions and H 2 O molecules in zircon. There are also suggestions that molecular water cannot be explained simply by fluid inclusions, other hydrous minerals, or adhesive moisture but is significantly hydrogen-bonded and a constituent of zircon which can not be neglected.
We suppose that minute hydroxyl amounts may be incorporated during primary zircon growth in an environment with sufficiently high water activity (for example, oriented OH bands in well crystallized kimberlite and other mantle zircons; Ilchenko, 1994) . The saturation level for such hydroxyl groups is probably relatively low (perhaps in the 0.01 wt percent range) for the primary, non-damaged zircon structure. The majority of the water in natural zircons must be assumed as a secondary component, incorporated only after radiation damage accumulation. Potential crystallographic sites of such secondary water remain unclear at the present stage. There is no precise knowledge so far about radiation-induced local defects that could act as hydrogen acceptors; therefore, the discussion of detailed crystallographic models would remain speculative. It is, however, possible to discuss the incorporation of primary hydroxyl groups in the intact, undamaged zircon structure, which will be done in the following.
Most OϪH stretching bands obtained from crystalline zircons have wavenumbers around or below 3500 cm -1 (compare table 3 in Dawson, Hargreave, and Wilkinson, 1971) . The observed low OϪH stretching wavenumbers suggest generally that hydrogen atoms of incorporated (OH) -groups are involved in hydrogen bonds to other, neighboring oxygen atoms. According to Libowitzky (1999) , wavenumbers lower than 3500 cm -1 point to O ⅐ ⅐ ⅐ O hydrogen bond distances of Յ 3 Å (Novak, 1974; Mikenda, 1986 ).
In the following, possible locations of hydrogen atoms and directions of OϪH ⅐ ⅐ ⅐ O bonds in the crystalline zircon structure will be discussed. We presume that the oxygen atom of an (OH) -group in zircon would most likely be located at a structural oxygen position. As the zircon structure contains only one unique oxygen site (the corner of a slightly elongated SiO 4 tetrahedron or, more exactly, a tetragonal disphenoid), it is possible to choose any particular oxygen position (which will be representative for all) to simplify the discussion. We have chosen the oxygen position near the center of the unit cell and assume the substitution of an (OH) -group for O 2-at (0.8161, 0.5000, 0.4297) (compare figs. 9A-C). This oxygen site will be called O 0 in the following. Cell parameters and atomic coordinates according to Robinson, Gibbs, and Ribbe (1971) were used for calculations of distances and drawing of sketches. However, we have shifted all coordinates by (0.0000; -0.7500; -0.1250), compared with the coordinates of Robinson, Gibbs, and Ribbe (1971) (fig. 9 ). Since the hydroxyl oxygen atom is located in a mirror plane, there is ideally equilibrium of attraction and repulsion forces between the -b and b sides of this plane, and the hydroxyl hydrogen atom could, therefore, hypothetically be located at each of the two sides. The actual hydrogen position must be determined by minor charge imbalance due to cation substitution and slight distortions in the surrounding lattice, in particular those that cause O 0 to be located "above" or "below" (in b or -b direction) the Zr-Zr-Si plane. In figure 9A , we have assumed the H ϩ to be located at the -b side of the Zr-Zr-Si plane.
The actual position of the hydroxyl H ϩ is determined mainly by the cation 7 hydrogen repulsion forces counteracting the internal hydroxyl bond forces. These forces should in the discussed case, all three positions of cations coordinating the hydroxyl oxygen site are occupied, repulse the hydrogen atom roughly toward -b. However, since the three tetravalent cations repulsing the H ϩ have different distances from the hydroxyl's oxygen atom (there is stronger repulsion from the silicon atom than from each of the zirconium atoms) and since the three cationϪoxygenϪcation angles are different ( fig. 9A, right part) , the O 0 ϪH bond direction is not expected to be exactly perpendicular to the Zr-Zr-Si plane but to deviate slightly toward -a and -c. This consideration on the most probable hydrogen location implies that an O 0 ϪH ⅐ ⅐ ⅐ O bond between two corners of an Si 4ϩ occupied tetrahedron is hardly possible since this would require the formation of an extremely bent hydrogen bond.
In the discussed O 0 ϪH bond direction toward -b lies, normally 3.37 Å away from O 0 , another oxygen atom at (0.8161, 0.0000, 0.3203), to which the formation of an almost straight O 0 ϪH ⅐ ⅐ ⅐ O bond should be possible. This O 0 ⅐ ⅐ ⅐ O bond is aligned roughly perpendicular to the c axis and represents an edge of the vacant octahedral site that exists in the zircon structure (Robinson, Gibbs, and Ribbe, 1971) . Opposite oxygen atoms of this distorted O 6 octahedron may hardly be assumed as potential locations of hydrogen bonds, as its diameters of 4.15 Å (roughly perpendicular to c) and 3.75 Å (roughly parallel to c) are far too long for the formation of (strong) hydrogen bonds.
Assuming an O 0 ϪH bond length of 0.95 Å, which should be a good average value for this bond, the H ⅐ ⅐ ⅐ O distance of the discussed bond Ќ c is estimated to be approx 2.45 Å. However, the above presumed slight lattice distortion (shift of O 0 toward -b) along with attraction forces due to H ⅐ ⅐ ⅐ O bonding may decrease the H ⅐ ⅐ ⅐ O distance appreciably. Furthermore, the O 0 ϪH stretching wavenumber is perhaps decreased due to additional H bonding to another oxygen atom at (0.500, 0.1839, 0.5703), which is, again assuming the O 0 ϪH bond length to be 0.95 Å, about 2.43 Å away from the hydrogen atom. This second O 0 ⅐ ⅐ ⅐ O bond is an edge of the ZrO 8 dodecahedron in the center of the unit cell. Its proportional strength is, however, expected to be stronger if one of the two neighboring Zr 4ϩ ions is replaced by a trivalent cation, for example a REE. Such cation replacement should cause preferential H ϩ incorporation for charge balance and appears, therefore, a quite probable mechanism for coupled trivalent cation and hydroxyl substitution (Zr 4ϩ only. Although the SiϪO 0 distance is somewhat shorter than the ZrϪO 0 and the hydrogen atom would, therefore, be slightly more repulsed by the silicon atom, the bond direction of an O 0 ϪH would here be close to the negative bisector of the respective SiϪO 0 ϪZr angle ( fig. 9B, right part) . Depending on which of the two Zr cations is lacking, this would cause hypothetical O 0 ϪH directions nearly perpendicular to c (Zr vacancy at the center of the cell) or roughly parallel to c (Zr vacancy at 1.0000, 0.5000, 0.7500). However, even if the latter case (OOH parallel to c) results in a slightly less bent hydrogen bond, the first case (OOH perpendicular to c) appears energetically more favorable from electrostatic considerations. An O 0 OH direction roughly parallel to c results in stongly bent SiOO 0 OH and ZrOO 0 OH angles (O 0 close to the Zr . . . Si line) which leads to considerable repulsion of the H atom. In contrast, an O 0 OH direction nearly perpendicular to c (compare fig. 9 ) facilitates less bent cationOO 0 OH angles (O 0 more remote from the Zr . . . Si line) and, thus, appears more likely.
From the shortness of this hydrogen bond (O ⅐ ⅐ ⅐ O 2.49 Å), one would expect an extremely low stretching wavenumber, but the bending of the O-H ⅐ ⅐ ⅐ O angle has also to be considered. Again assuming an O-H distance of 0.95 Å, the resulting H ⅐ ⅐ ⅐ O distance is about 1.80 Å (which would correspond to a stretching wavenumber around 3200 cm -1 according to Libowitzky, 1999) . Lattice distortion due to the Zr vacancy (local widening of the lattice) and attractive forces of more renote O atoms could, however, also influence the expected band position. Therefore, this O-H defect associated with a Zr vacancy is an ideal candidate for the band at 3180 cm -1 (E Ќ c), which is mainly observed in very well crystallized, low-water zircons. ], forming an asymmetrically bifurcated hydrogen bond. Slight lattice distortion was modeled by slightly twisting the two mainly involved SiO 4 tetrahedrons (left). The shorter of the two hydrogen bonds, which is relatively straight and oriented close to Ϫb, can not be seen in the view along b (right).
[B] Hydroxyl group associated with an occupied SiO 4 tetrahedron and coordinated by [Zr 4ϩ , ▫, Si 4ϩ ]. Atomic shifts due to lattice widening caused by the Zr vacancy are not considered here. In the right sketch, the position of the Zr vacancy is marked by a dashed circle. Note that if the other Zr site was vacant instead, Zr and Si would repulse the hydrogen toward c, thus resulting in stronger bent SiOOOH and ZrOOOH angles, which appear energetically less favorable.
[C] Hydroxyl group associated with an unoccupied SiO 4 tetrahedron, coordinated with [Zr 4ϩ , Zr 4ϩ
, ▫], forming a symmetric, bifurcated hydrogen bond. Dashed circle (right), silicon vacancy. It can be seen in the right sketch that a second, analogous hydrogen bond could easily be built up if the "right" oxygen atom also accepts a H ϩ . incorporation and storage of water from the zircon's environment. Even at low degrees of damage accumulation, there is plenty of Frenkel defect pairs and randomly scattered, amorphous nano-regions, providing a large variety of different sites at which hydrous species could be incorporated. For example, it appears quite probable that a silicon coordinated with only three oxygen atoms after an atomic displacement event is an excellent water acceptor (note that, according to the portion of atoms per formula units, most atoms displaced by alpha decay events are oxygen atoms). Lattice atoms displaced by elastic collision events may cover distances of several millimeters before being slowed down and form an "interstitial" at their final location. Such point defects could also be locations of mainly unoriented OH/H 2 O incorporation. However, the knowledge about the real structure of radiation-damaged zircons is still poor, and, therefore, precise conclusions about sites of hydrous species are not possible yet.
We assume that the broad water band at about 3300 cm -1 in crystalline zircons (see fig. 2 and Dawson, Hargreave, and Wilkinson, 1971 ) is already a precursor of its more intense and even more broadened analogue in metamict zircons. Corresponding with density decrease and unit cell volume increase, metamict zircons are expected to have generally longer bond distances and, with that, longer and weaker OϪH ⅐ ⅐ ⅐ O hydrogen bonds, which correspond to the observation that the band maximum shows a general shift toward higher wavenumbers.
